Effects of tensile prestress level on Charpy impact value (a uc ) of 50 vol% continuous unidirectional 0 degree oriented carbon fiber reinforced epoxy polymer (CFRP) were investigated. Experimental results showed the a uc at mid-fracture probability P f = 0.50 induced by a large prestress of 17.6 MPa (109 kJm ¹2 ) was increased 30% over that (84 kJm ¹2 ) of slight prestress of 0.25 MPa. The statistically lowest impact value a s at P f = 0 calculated by 3-parameter Weibull equation was raised 26% from 73 to 92 kJm ¹2 showing increased reliability of part strength. Fracture surface observation showed a flat surface extending through the thickness from the impact side generally extends deeper as prestress level was raised. This may be due to the transition depth in the specimen thickness from compression to tension is deeper during impact as prestress level was increased acting to raise the impact values.
Introduction
Since carbon fiber reinforced polymers (CFRP), typically epoxies have long been utilized for light structural materials with high strength for aerospace, automotive and sports equipment, 1, 2) the further strengthening with safety enhancement has always been expected for the continuous development of high-speed mover machines with safety and high energy conservation and durable goods. This includes prestress layup of continuous unidirectional long-fiber composites in which advantages include remarkably increased mechanical properties and that complex geometries can be accommodated for since fiber prestressing and layup are separate operations.
Although the concept of prestressed concrete is wellknown, 36 ) the method of administering compressive stresses in polymeric matricies by prestressing long continuous fibers while curing the resin is relatively recent. 7) In polymer composite beam-shaped structures, prestressing the fibers has been reported to increase impact resistance 33% over their non-stressed counterparts, 8) while also increasing flexural properties to approximately the same degree. 9) By the prestressing of fibers in unidirectional GRE (graphite reinforced epoxy) composite an increase of ³25% in tensile strength and ³50% increase in tensile modulus were achieved. 10) During prestress, the fibers are held for a time to induce creep where a substantial amount of the fiber stressing is viscoelastic; the load then released to impart compressive stress in the resin matrix. This impedes crack formation and propagation in the resin matrix and enhances hardening and elasticity of the part. Recently, viscoelastically applied prestress has been found to increase impact fracture toughness in composites constructed of nylon continuous long 6, 6 fibers in a polyester resin matrix. 7) Viscoelastically prestressed samples are also reported to have absorbed 2530% more impact energy by the Charpy test over their unstressed counterparts.
11)
Data of prestressing on mechanical properties has been reported for CFRP with volume fraction (V f ) as small as 3%, 12, 13) where the prestressing remarkably enhanced not only tensile strength and its corresponding strain, but also Charpy impact value (a uc ). Based on micro-hardness test results, the pre-stressing increased residual compressive stress in the matrix above the unstressed samples. The 3% V f is quite small since the maximum possible V f for unidirectional fibers is 91% calculated for hexagonal closest packing in 2-dimensions, isotropy being assumed along the length. However, 91% V f is impractical due to matrixsparse areas between fibers, therefore 50 to 70% V f is typically used for high load-bearing parts. Hence, 50 vol% epoxy CFRP was chosen for this study and it is hypothesized the pre-stressing will raise the residual compressive stress increasing the impact strength. To apply the prestress an apparatus was constructed as shown in Figs. 1 and 2 according to the following steps: (1) a unidirectional carbon fiber bundle was cut to size and clamped with two Al supports, one tightly clamped and the other more loosely clamped to apply the load; (2) the assembly was placed in an Al molding ( Fig. 1 , side view) coated with mold lubricant release agent (PVA; Showa High Polymer Co., Ltd. Tokyo); (3) the bundles were impregnated with epoxy resin with carefulness to maximize fiber/matrix adhesion and eliminating possible air bubbles to maximize hardening of cure; (4) the mold was closed (Fig. 2 , end view); (5) weights were applied to the fiber bundles for each data set (0.5, 12, 24 and 36 kg including the cage) for 0.25, 5.9, 11.8 or 17.6 MPa prestress loading conditions. The 0.25 MPa was chosen as a control condition since that was the stress needed to take the slack out of the carbon fiber bundle. Prestress values were measured by a load cell (DIGI-TAL FORCE GAUGE; MODEL-DORS50TR (0-490Nf ) IMADA) and held at a temperature of 63 « 3.0°C for a 24 h cure. Finally, stubs were filed off carefully and sample ends were cut to size.
Impact test
Charpy impact test utilizes a drop-weight pendulum and evaluates the impact absorption characteristics and relative impact toughness of materials often used in quality control applications employed as an inexpensive and fast way to estimate reaction to impact.
To evaluate the impact fracture toughness, the Charpy impact values of the CFRPs with and without prestressing were measured using a standard Charpy impact fracture energy measurement system (Fujisiken Seisakusyo FC3002) based on Japanese Industrial Standards JIS K 7077. 14, 15) Samples were unnotched with dimensions length (l), width (b) and thickness (t) of 80 © [10 « 0.2] © [2.00 « 0.15] mm, respectively. The impact fracture energy, E (kJm ¹2 ) is expressed by the following equation. 14, 15) E ¼ WR½ðcos ¢ À cos ¡Þ
Here, W, R, ¢, ¡, and ¡A are: hammer mass (W = 0.86 kg), length of hammer weight point from pivot center (R = 0.21 m), maximum angle after impact (Radians), start angle before impact (¡ = 2. Here, E, b, and t are impact fracture energy (J), sample width (mm) and span distance (sample thickness, mm), respectively. The distance between supporting points was 40 mm.
Results
Evaluating fracture probability (P f ) is a convenient method of quantitatively analyzing experimental values relating to fracture and is used in industrial quality control. P f is expressed by the following equation, which is a generalized form of the median-rank method:
where N s and i are the total number of samples and the order of fracture of each sample, respectively. Here, the order of fracture is the aligned number of fractured samples from low to high impact value. When the i values are 1, 4, and 7, the P f values are 0.095, 0.500 and 0.905, respectively. Figure 3 shows changes in impact value (a uc ) of 50 vol% CFRP against fracture probability P f value at each prestress level. Above the extremely large prestressing of 18 MPa, samples could not be obtained due to fracture.
Discussion

The lowest limit of impact value, a s estimated by 3-parameter Weibull equation
On the other hand, since the experimental impact values at lower P f have largely deviated from the linear relationship (Fig. 3) , the practical impact value at low P f cannot be precisely estimated.
Therefore, if the statistical equation is assumed to be applicable to the measured a uc value, the P f value depends on the risk of rupture ([a uc ¹ a s ]/a III ).
14,1620)
The linear relationship can be obtained by the following equation:
In predicting the required impact value of a new structural material or new process, the lowest impact value (a s ), the 3-parameter Weibull coefficient (m) and constant (a III ) are key parameters. While the a III is determined, when the term (ln [¹ln (1 ¹ P f )]) is zero, the a s value is defined as the a uc value when P f = 0 and represents the statistically lowest possible impact value or weakest sample for safety considerations and is used for quality control (QC). Figure 4 shows iteration of the potential lowest impact value ( e a s ) in the linear logarithmic form of eq. (6) to obtain the maximum correlation coefficient (F) corresponding to the a s (arrows) showing linear correlations between 0.975 and 0.998 whose linear relationships are plotted in Fig. 5 .
The lowest impact value a s , together with the a uc at each P f , is shown in Fig. 3 for the pre-stressing runs of 0.25 to 17.6 MPa. The 17.6 MPa prestress appears to improve the a s remarkably (26%) from 73 to 92 kJm ¹2 (also see arrows in Fig. 4 ). Since the a s value is a uc at P f = zero, the statistically lowest value implemented for quality control (QC), the prestressing remarkably enhances the strength and safety level (reliability). The improvement in a s , the high F values along with the a uc of 17.6 MPa prestressed samples being higher than that of the 0.25 MPa samples at all P f in Fig. 3 , show that for the seven specimens tested the improvement from the higher prestress is statistically significant.
Compressive stress induced by pre-stressing
Crack propagation generally occurs when the high velocity bending load of impact raises the tensile stress at or near the tensile (back) surface during collision of the impact test. Based on the nanoscopic discussion, the pre-stressing reduces the mean intermolecular distance among polymers, as well as enhances the matrix density, as depicted in Fig. 6 . Thus, the prestressing along with the high fiber density at 50 vol.% creates increased compressive stress in the epoxy polymer matrix resisting cracking due to impact. A macroscopic model of the 50 vol% CFRP specimen could be applied to the impact load with and without prestress. Different than surface treatments such as low-voltage electron beam irradiation which typically penetrate 100 200 µm into an FRP sample, 20) an advantage of pre-stress is since it is loaded throughout the thickness, its action acts throughout the thickness. Compressive residual stress of unidirectional fiber FRP occurs from: (1) CTE (coefficient of thermal expansion) difference between fiber and polymer during the molding process, and (2) the fibers in tension transferring compressive stress to the matrix when the prestress is released. When the prestressed 50 vol% CFRP undergoes impact, the action of prestressing increases the compressive residual stress at the impact side and reduces the tensile residual stress at the tensile side. For a given deformation from impact bending deformation, the depth of transition in the specimen from compression to tension is deeper from the impact point with increasing applied prestres. Thus, the prestressing raises the impact toughness. During the high velocity bending of Charpy impact, on the compressive side of the sample the applied load additively raises the compressive stress already induced by the prestressing, which probably acts to reduce crack propagation. To compliment this, on the tensile side the prestress has to first be reduced before going into tension delaying crack generation. From this mechanism the prestressing prevents crack generation and propagation throughout the sample thickness from the compression side to the tensile side. Figure 7 shows typical fracture surfaces of the 0.25, 5.9, 11.8 and 17.6 MPa prestressed samples. The rectangular cross-sections show the impact direction (compression side, tops of specimens) and the tensile sides (bottoms). The 0 deg unidirectional fibers are normal to the plane of the page. Fracture surface observation shows a relatively flat surface extending through the thickness from the impact side generally extends deeper as prestress level was raised. Below this is an indented surface, probably the first main rack during impact, which appears to be generally thinner as prestress level was raised. These may be due to the transition depth in the specimen thickness from compression to tension is deeper during impact as prestress level was increased acting to raise the impact values.
Fracture surfaces
Conclusions
The effects of prestressing on Charpy impact strength (a uc ) of 50 vol% zero degree unidirectional carbon fiber epoxy CFRP were investigated.
(1) Experimental results showed the a uc at mid-fracture probability P f = 0.50 induced by a large prestress of 17.6 MPa (109 kJm
¹2
) was increased 30% over that (84 kJm to extend increasingly further from the hammer impact point (arrows) with increasing prestress. It follows the transition depth in the specimen from compression to tension is probably deeper from the impact point in the highly prestressed samples. The applied compressive residual stress generated on the fibers by the matrix by the prestress probably increased frictional force at the interface transferring more load to the fibers creating a clean fracture with less fiber pullout in the flat sections increasing the impact values. The prestressing promises to continue to be a viable method to increase epoxy CFRP part strength, reliability and safety in industry. 
